Introduction
Accumulating correlative evidence suggests that host T cells can be activated spontaneously in response to the growing tumor through recognition of tumor antigens. Particularly, tumors harboring large numbers of mutations are more likely to activate endogenous T cells due to the immunogenicity of neoantigens that are recognized as foreign by the immune system, thereby providing targets for T cell attack (1). The clinical relevance of these findings has been underscored by the correlation between mutation load and outcome to treatment with immune checkpoint blockade that relies on the presence of tumor-primed T cell populations (2) (3) (4) (5) . However, spontaneous T cell responses against mutant antigens are relatively inefficient and fail to mediate tumor rejection in most cases. Indeed, the fact that only a subset of patients exhibits durable responses to immune checkpoint blockade suggests that not all patients have tumor-primed T cells that are sufficient to eradicate tumors once unleashed.
Adoptive T cell therapy (ACT) with antigen-specific T cells represents an excellent alternative to checkpoint inhibitor therapies for treating malignancies (6) . Healthy tumor-specific T cells can be grown in vitro and infused in large numbers into patients with advanced disease, thereby overcoming insufficiency of spon-taneous T cell responses in cancer patients. Importantly, clinical methodologies have been developed to propagate functional tumor-specific T cells in vitro (7) (8) (9) , and recent clinical successes in leukemia, melanoma, neuroblastoma, and EBV-associated malignancies have proven that ACT is a viable and efficacious strategy in humans (10) (11) (12) (13) (14) . However, a requisite step for the success of ACT is to lymphodeplete the host prior to infusing the T cells, a process called preconditioning, which is highly toxic to certain patients (15) (16) (17) . Furthermore, although preconditioning may create a favorable environment for adoptively transferred T cells (i.e., the elimination of regulatory T cells and homeostatic cytokine "sinks"), it also removes preexisting tumor-primed T cells, making it difficult, if not impossible, to determine the role and benefit of endogenous antitumor immunity in the context of ACT.
We have previously reported that oncolytic viruses (OVs) engineered to express tumor-associated antigens can effectively engage and expand tumor-specific memory T cells while retaining their inherent ability to directly infect and debulk the tumor and reverse the immunosuppressive tumor microenvironment (18, 19) . In this study, we investigated the use of rhabdovirus-and vaccinia virusbased (VacV-based) oncolytic vaccines to drive systemic expansion and tumor infiltration of adoptively transferred T cells, thereby enhancing the therapeutic efficacy of ACT. This rational combination resulted in complete and durable tumor regression in the absence of preconditioning, a likely result of proinflammatory cytokines induced by the virus providing support for antitumor T cell responses (20) . Using this model, we simultaneously monitored the contribution of the transferred and endogenous T cells to the therapeutic effect. Our data indicate that preexisting, tumor-primed host T cells are critical for preventing and/or eliminating antigen escape variants for achieving a durable regression by ACT and for long-term immune memory.
While the outcome of adoptive T cell therapy (ACT) is typically correlated with the functionality of the inoculated T cells, the role of the endogenous T cells is unknown. The success of checkpoint blockade therapy has demonstrated the potentially curative value of preexisting tumor-primed T cells in cancer treatment. Given the results from checkpoint blockade therapy, we hypothesized that endogenous T cells contribute to long-term survival following ACT. Here, we describe a therapeutic approach combining ACT with an oncolytic vaccine that allows simultaneous analysis of antitumor immunity mediated by transferred and endogenous T cells. We found that, in addition to promoting the expansion and tumor infiltration of the transferred T cells, oncolytic vaccines boosted tumor-primed host T cells. We determined that transferred T cells contributed to rapid destruction of large tumor masses while endogenous T cells concurrently prevented the emergence of antigen-loss variants. Moreover, while transferred T cells disappeared shortly after tumor regression, endogenous T cells secured long-term memory with a broad repertoire of antigen specificity. Our findings suggest that this combination strategy may exploit the full potential of ACT and tumor-primed host T cells to eliminate the primary tumor, prevent immune escape, and provide longterm protective memory.
Endogenous T cells prevent tumor immune escape following adoptive T cell therapy jci.org after ACT or ACT plus vaccination. As shown in Figure 2 , peritumoral distribution of CD8 + T cells was evident after Tcm transfer alone and Tcm plus vaccination, but a significantly larger number of CD8 + T cells (Supplemental Figure 2 ) that penetrated deep into the tumor tissue was observed following VSV boosting, confirming that OVVs offer distinct advantages over conventional vaccines in the context of ACT. Finally, 100% of long-term survivors (60+ days) following Tcm plus VSV-ErkM treatment rejected a rechallenge with CMS5 cells 2 months after cessation of therapy and showed significantly prolonged survival, suggesting for mation of effective immunological memory ( Figure 1G ).
Expansion and persistence of endogenous ErkM-reactive CD8 + T cells is determined by the tumor during combination therapy. To further understand how VSV vaccine influences the fate of transferred T cells, we also monitored T cell responses in the periphery. ErkM 136-144 -specific CD8 + T cell expansion in the circulation could be detected as early as 2 days after VSV vaccination, which peaked at day 5 and declined thereafter ( Figure 3A) , coinciding with the kinetics of CMS5 tumor regression (Supplemental Figure 1B) . Although antigen-specific T cell responses declined after the peak, they remained at approximately 10% of circulating CD8 + T cells for more than 2 months ( Figure 3A ). Interestingly, further analysis using congenic markers indicated that expansion of ErkM 136-144specific T cells was dominated by adoptively transferred DUC18 cells (Thy1.1 + ) at 5 days post treatment (dpt), but was replaced by endogenous CD8 + T cells (Thy1.2 + ) from 12 dpt onward ( Figure 3B ). To determine whether the loss of the transferred DUC18 cells from the circulation resulted from differential localization, we analyzed blood, spleen, and bone marrow on day 60 after treatment. The majority of ErkM 136-144 -specific T cells were endogenous CD8 + T cells in all 3 compartments, confirming that transferred DUC18 cells indeed disappeared following tumor regression ( Figure 3C ). This observation prompted us to evaluate ErkM 136-144 -specific T cell responses driven by VSV-ErkM in tumor-free (TF) naive animals compared with tumor-bearing (TB) mice. WT BALB/c mice received 10 6 DUC18 Tcm 1 day prior to vaccination with 10 8 PFU of VSV-ErkM, and ErkM-specific T cell responses were monitored on days 5, 12, and 19 after VSV treatment. Figure 3D shows that the kinetics of T cell expansion in TF mice were similar to those in TB animals, though the rate of contraction was significantly slower at 12 dpt. More importantly, a significantly higher percentage of detected ErkM 136-144 -specific T cells were DUC18 origin (Thy1.1 + ) at all time points in TF mice compared with TB mice ( Figure 3E ), suggesting that (a) DUC18 have no cell-intrinsic defects in survival and (b) their deaths are likely the result of interactions with tumor cells. This latter speculation was supported by the fact that more than 90% of CD8 + T cells in the tumor were Thy1.1 + on day 4 after VSV boosting ( Figure 3F ), but subsequently underwent a progressive apoptosis (from 32% on day 4 to 95% on day 6) coinciding with the time of tumor regression. In contrast, the expansion of ErkM-specific endogenous T cells did not peak until 12 dpt ( Figure  3B ), suggesting that substantial numbers of endogenous T cells did not directly engage interactions with the tumor and thus persisted in the memory pool.
Combination therapy induces antigen loss in the absence of endogenous lymphocytes. The observation of effective expansion and long-term persistence of endogenous ErkM-reactive CD8 + T
Results
Combination of ACT with oncolytic vaccines induces complete tumor regression and long-term protective immunity. Motivated by the unique ability of rhabdoviral OV vaccines (OVVs) to simultaneously trigger effective expansion of preexisting central memory T cells (Tcm) in the periphery and rapid recruitment into the tumor (18, 19, 21) , we explored the combination of ACT using in vitro-differentiated tumor antigen-specific Tcm with oncolytic vesicular stomatitis virus (VSV) vaccines to treat established solid tumors. WT BALB/c mice were intradermally (i.d.) challenged with CMS5 cells, a methylcholanthrene-induced fibrosarcoma expressing a defined neoepitope derived from a mutation in the ERK2 gene (ErkM 136-144 , QYIHSANVL) (22) . ErkM 136-144 -specific CD8 + T cells from DUC18 transgenic mice (23) were cultured and expanded in the presence of IL-15, IL-21, and rapamycin, which drove acquisition of a typical Tcm phenotype (CD62L + CD44 + ) (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI126199DS1). After 6 days of tumor growth, mice were treated with i.v. injection of 10 6 DUC18 Tcm, 10 8 PFU of VSV-ErkM, or a combination of DUC18 Tcm followed 24 hours later by VSV-ErkM. We chose to test i.v. administration of VSV exclusively, as we have previously demonstrated that this is an optimal route to achieving both antigen presentation in the periphery to boost Tcm and infection of the tumor for oncolysis and T cell recruitment by a VSV vaccine (18, 19) . Indeed, intratumoral injection of VSV failed to consistently boost transferred T cells to an effective level and cause tumor regression (data not shown). Figure 1A shows that neither Tcm alone nor VSV vaccine alone had a significant impact on tumor growth, whereas combination of Tcm and VSV-boosting vaccine induced complete tumor regression and significantly prolonged survival ( Figure 1B ). However, effector DUC18 T cells (Teff) (differentiated in the presence of IL-2; Supplemental Figure 1A ), either alone or in combination with VSV-ErkM, failed to induce a complete and sustained tumor regression in all treated mice ( Figure 1C ), an outcome that was correlated with poor persistence of the transferred cells (data not shown). Although VSV vaccination was able to significantly prolong survival after Teff transfer, regression induced by Tcm plus VSV-ErkM was more consistent, and subsequent survival was significantly prolonged over Teff-based treatments ( Figure 1D ), consistent with our previous work and current understanding (19, 24) .
To further determine whether Tcm plus OV (without a defined tumor antigen) alone or conventional vaccine (without oncolytic or tumor-targeting activity) alone is sufficient to achieve efficacy similar to that of Tcm plus oncolytic vaccine, we tested additional groups, including VSV-MT (lacking the ErkM transgene), a replication-deficient adenoviral vector expressing ErkM (Ad-ErkM), and the ErkM peptide adjuvanted with poly I:C/CD40 antibody (25) . As shown in Figure 1 , E and F, Tcm plus VSV-MT failed to control tumor growth or prolong survival, confirming that antigen-specific OV vaccination is required to expand transferred T cells and recruit them into the tumor. Consistent with this notion, boosting with nononcolytic vaccines was less effective than VSV vaccine, with which only a small fraction of treated mice exhibited complete tumor regression and prolonged survival (Figure 1, E and F).
To directly visualize tumor infiltration of CD8 + T cells and their localization in the tumor, we stained tumor tissues on day 5 jci.org ErkM epitope and thus escaped DUC18-mediated elimination. To verify this possibility, we performed 2 more experiments. First, we established tumors in WT BALB/c mice using either parental CMS5 or relapsed CMS5 cells recovered from combination-treated NRG mice (CMS5r), followed by treatment with DUC18 Tcm plus VSV-ErkM. Figure 4D shows that durable regression was recapitulated in mice bearing parental CMS5 cells, but the same treatment failed to eradicate CMS5r cells, resulting in significantly reduced survival ( Figure 4E ), confirming that CMS5r cells cannot be recognized by ErkM-specific CD8 + T cells. Second, PCR analysis of genomic DNA from CMS5, CMS5r, and CT26 (an irrelevant control cell line) indicated that the relapsed CMS5 cells had indeed undergone a loss of heterozygosity at the ERK2 gene, resulting in elimination of the mutant ERK2 allele and therefore loss of cells in CMS5 TB animals prompted us to evaluate the role of host lymphocytes in combination therapy-induced tumor regression. NRG mice, which lack mature lymphocytes, were i.d. inoculated with 10 6 CMS5 cells 6 days prior to combination therapy with 10 6 DUC18 Tcm plus 10 8 PFU of VSV-ErkM. Figure 4 , A and B, shows that complete tumor regression was achieved in NRG mice, and although survival was significantly prolonged in the Tcm plus VSV-ErkM-treated group, the tumors in all mice eventually relapsed. Similar to the observation in WT mice, transferred T cells became undetectable in the circulation following tumor regression, but a significantly higher number of Thy1.1 + cells persisted in TF NRG mice ( Figure 4C ), confirming that the fate of transferred T cells is influenced by their interactions with the tumor. We speculated that the relapsed CMS5 tumor cells might no longer express the Figure 5A ), confirming that both endogenous CD4 + and CD8 + T cells are required to prevent tumor recurrence following treatment with ACT plus oncolytic vaccination. We also included a group that received cyclophosphamide (CPX), a commonly used chemo drug for lymphodepletion (26, 27) , 1 day before combination therapy. Similarly to what occurred with antibody treatment, CPX did not affect initial tumor regression, but all animals relapsed within 2 weeks ( Figure 5A ). All antibody depletion and CPX treatments resulted in a significant decrease in survival ( Figure 5B )
One possible mechanism for the requirement of endogenous T lymphocytes is due to epitope spreading, a consequence of tumor destruction by combination therapy, which results in a second wave of antitumor attack against different antigens. This notion appeared to be supported by the fact that initial tumor regression following combination therapy did not require any endogenous lymphocytes ( Figures 4A and 5A ). We thus hypothesized that in vivo depletion of CD4 + and/or CD8 + T cells on day 6 after ACT plus oncolytic vaccination (a time point at which tumors were still regressing) would result in recurrence. Surprisingly, however, depletion of either or both subsets did not lead to tumor relapse (data not shown), suggesting that tumor-reactive endogenous T ErkM antigen (Figure 4 , F-H). Finally, as expected, CMS5r cells were resistant to killing by DUC18 Teff cells in vitro while engineered expression of the ErkM peptide in these cells made them susceptible to killing, similarly to CMS5 cells, confirming that the resistance of CMS5r to ErkM-specific T cell lysis was due to the absence of target antigen expression, but not other alterations (Supplemental Figure 3) . These results highlight an important role of endogenous lymphocytes in avoiding immune selection of antigen loss variants during ACT.
Both endogenous CD4 + and CD8 + T cells are required to prevent tumor escape during combination therapy. To determine the subset of endogenous lymphocytes that are required in preventing relapse during combination therapy, we performed in vivo antibody depletion experiments in TB mice treated with DUC18 Tcm plus VSV-ErkM. Antibodies against CD4 or Thy1.2 were given 1 day before tumor inoculation, while anti-CD8 antibody was administered 1 week earlier to avoid its effect on transferred DUC18 T cells. All treated mice had tumor regression irrespective of selective depletion of endogenous lymphocytes ( Figure 5A ), which is similar to observations in treated NRG mice ( Figure 4A ) that are genetically deficient for endogenous lymphocytes. However, relapse occurred in 80% of mice that received CD8 antibody Endogenous T cells form long-term antitumor immunity in animals following combination therapy. To determine the persistence and protective function of endogenous T cells, especially those that recognize nontargeted tumor antigens, we decided to rechallenge survivors (TF for >60 days following elimination of initial CMS5 tumors) with an i.d. injection of CMS5r cells. We also included a group rechallenged with parental CMS5 cells as an analytical control. Five days after rechallenge, we stimulated sampled PBMCs with the ErkM peptide and compared the frequency of IFN-γ + CD8 + T cells to that in the same animals before rechallenge. As expected, an approximately 3-fold increase of ErkMreactive CD8 + T cells was observed in survivors rechallenged with CMS5, while rechallenge with CMS5r did not boost any ErkMspecific CD8 + T cell responses, reinforcing the fact that CMS5r lost ErkM expression ( Figure 5D ). Interestingly, however, neither cell lines could form tumors in survivors, though both grew rapidly in untreated mice and significantly reduced survival ( Figure  5E ), suggesting that memory against ErkM as well as other antigens persisted as a consequence of successful combination therapy and was sufficient to mediate protection against a rechallenge with either parental or ErkM-negative CMS5 cells. Furthermore, cells must be present before or be extremely rapidly induced by combination therapy, either of which is critical for complete eradication of tumor cells in cooperation with adoptively transferred T cells. Evidence that endogenous ErkM-specific CD8 + T cell expansion was observed as early as 2 days after VSV boosting ( Figure 3A ) favors the possibility of preexisting tumor-primed endogenous T cells that can be unleashed or even boosted by combination therapy to participate in early tumor clearance.
We made an attempt to determine whether CD8 + T cell responses against nontargeted antigens could be detected in the circulation. Mononuclear cells were collected from blood 5 days after ACT with or without vaccine boosting. IFN-γ production by CD8 + T cells was quantified 4 hours after stimulation with a peptide pool consisting of 4 immunogenic neoepitopes identified by Duan et al. (28) . As shown in Figure 5C , although the level of CD8 + T cell responses against pooled neoepitope peptides was negligible in mice that received ACT only, it could be significantly boosted by vaccination with an oncolytic vaccine. This result, together with data shown in Figure 2A , confirmed that tumor-primed endogenous T cells specific to both targeted and nontargeted antigens were present and could be rapidly amplified by oncolytic vaccination. as additional evidence of shared antigens in exception to ErkM, mice vaccinated with lethally irradiated CMS5r cells (irrCMS5r) were protected from subsequent challenge with either CMS5 or CMS5r cells ( Figure 5F ).
To determine which lymphocyte population was required for protection against CMS5r, we carried out antibody-mediated depletion of CD8 + , CD4 + , or both T cell subsets in combination therapy survivors before rechallenge. CD8 + T cell depletion resulted in tumor growth in 80% of challenged animals, while all mice that received antibodies against CD4 or both CD4 and CD8 T cells developed tumors, causing significantly reduced survival in all depletion groups ( Figure 5G ). These results demonstrate that both subsets of endogenous T cells are not only critical for preventing the emergence of or eliminating preexisting antigen-loss variants during ACT, but also for forming long-term protective immunity with broad antigen specificity.
Requirement of endogenous T lymphocytes for preventing tumor relapse is not antigen and/or model dependent. Finally, we sought to evaluate the combination platform of ACT plus OV vaccination in a different tumor model to determine the role of endogenous T lymphocytes in achieving complete and durable tumor regression. To this end, we chose to use VacV as an oncolytic viral backbone to encode a surrogate neoantigen gp33, the immunodominant peptide from the lymphocytic choriomeningitis virus glycoprotein, and a murine B16 melanoma cell line engineered to express gp33 (B16-gp33). C57BL/6 mice bearing i.d. B16-gp33 tumors were treated with Tcm derived from gp33-specific P14 TCR transgenic T cells followed by VacV-gp33 vaccination. As shown in Figure 6A , complete and durable tumor regression was achieved in mice that received combination therapy, confirming the potency and flexibility of this combination platform for targeting different tumor antigens and/or incorporating different OV backbones. Interestingly, however, mice treated with either anti-Thy1.2 antibody or CPX prior to combination therapy showed significantly reduced survival due to tumor relapse after initial regression ( Figure 6, A and B) , reinforcing the importance of preexisting host T lymphocytes that likely broaden diversity of the immune attack.
Discussion
Strategies to selectively enhance T cell reactivity against genetically defined neoantigens are currently under development (29, 30) . In the present study, we explored a therapeutic platform combining ex vivo-expanded neoantigen-specific T cells (ACT) with an OVV. This strategy employs a "push-pull" mechanism in which the OVV facilitates both T cell activation and expansion in the periphery (push), followed by the recruitment of T cells to the tumor site (pull). Indeed, we demonstrated that adoptive transfer of antigen-specific Tcm followed by an oncolytic vaccine elicited robust T cell expansion, tumor infiltration, and complete tumor regression, revealing a powerful synergy between these 2 therapeutic approaches. More importantly, the efficacy was achieved in the absence of preconditioning (i.e., total body irradiation or lymphodepleting chemotherapy prior to the cell transfer) and exogenous IL-2, 2 adjuvants that are typically employed in other ACT Figure 5 . Both endogenous CD4 + and CD8 + T cells are required to prevent tumor escape during combination therapy. CMS5 TB BALB/c mice were depleted of specific lymphocyte populations via treatment with the indicated antibody or CPX concurrent with treatment with combination therapy, and resulting tumor growth (A) and survival (B) were monitored. Antibodies were given 1 day before and 1 day after T cell transfer and once a week thereafter for 3 weeks. A single injection of CPX was given 1 day before T cell transfer. (C) Frequency of antigen-spreading CD8 + T cell responses in the peripheral blood were quantified via stimulation with a pool of 4 peptides corresponding to previously identified CMS5 neoepitopes (27) and staining for IFN-γ production. (D) Frequency of ErkM-specific T cells in the peripheral blood of BALB/c mice surviving initial CMS5 tumor challenge after combination therapy (60+ days) was assessed before and 5 days after rechallenge with CMS5 or CM5 relapse (CMS5r) cells, and resultant survival (E) is also shown. Naive mice receiving the CMS5 or CMS5r challenge were included as controls. (F) Survival of mice vaccinated with lethally irradiated CMS5r cells (irrCMS5r) before challenge with CMS5 or CMS5r cells. (G) Survival of tumor-regressed mice (as described above) rechallenged with CMS5r after depletion of lymphocyte populations with the indicated antibodies. Data are shown as representative of 2 independent experiments (A-E and G) or a single experiment (F) with n = 5 per group. Data were analyzed using 1-way ANOVA with Holm-Šidák correction for multiple comparisons (C), paired 2-tailed t test (D), and log-rank (Mantel-Cox) test (B and E-G). *P < 0.05; **P < 0.01; ***P < 0.001. jci.org vaccination and oncolytic functions (18, 19) . Indeed, we provide evidence in this study that neither OV (no tumor antigen) nor conventional vaccine (nononcolytic) was sufficient to synergize with ACT and that destruction of established solid tumors required both amplification and tumor infiltration of transferred T cells. To this end, Tcm were superior to Teff due to their efficient engraftment and proliferative capacity, consistent with an increasingly appreciated concept in the field of ACT (35, 36) .
We made 2 additional observations that may have important implications in the current clinical practice and rational design of ACT. First, although tumor regression was achieved in immunodeficient mice following ACT plus OV vaccination, tumors reoccurred within 2 weeks. It was evident that the relapsed tumor cells no longer harbored the epitope target of the transferred T cells. This outcome seems to support the notion that targeting tumors with a T cell population specific for a restricted set of antigens may lead to the selective outgrowth of antigen-negative tumor variants. However, durable regression was consistently achieved in WT animals, suggesting that tumor heterogeneity and/or immune escape can be addressed by mobilizing endogenous T cells during ACT, even targeting a single antigen. Our observation that depletion of CD4 + or CD8 + T cells prior to ACT plus OV treatment did not affect initial tumor regression, but resulted in relapse, suggests that there is cooperation between transferred T cells and endogenous T cells. It appears that transferred T cells play a primary role in mediating tumor debulking (eradication of ErkM + tumor cells), while endogenous T cells are required to eliminate escaped variants (ErkMtumor cells). One possible mechanism that explains activation of endogenous T cells is epitope spreading, a phenomenon involving in vivo crosspresentation of tumor-derived antigens released in one wave of immune attack to promote subsequent rounds of antitumor T cells against different antigens (14, 39) . These sequential events may be particularly effective in our case due to robust tumor lysis and inflammation mediated by transferred T cells and OVs. However, another plausible mechanism is that preexisting tumor-primed T cells are unleashed and/or expanded by ACT plus OV therapy, thus providing a broader repertoire to complement transferred T cells for complete eradication of all tumor cells. This latter possibility is supported by several lines of evidence. First, the presence and boosting of ErkM-specific CD8 + T cells could be detected as early as 2 days after ACT plus OVV. Second, the increased T cell responses to nontargeted neoepitopes were also manifested 5 days after combination therapy. These observations are unlikely to be the result of epitope spreading that requires activation of naive T cells. Furthermore, the fact that depletion of CD4 + or CD8 + T cells 6 days after treatment did not result in relapse suggests that preexisting, but not subsequently induced, host T cells are involved in early clearance of tumor cells in cooperation with transferred T cells. Nevertheless, it is likely that ACT plus OV can both reinvigorate preexisting antigen-specific T cells and induce new T cell responses via epitope spreading in a sequential manner that reflects their relative importance during the generation of antitumor immunity (39, 40) . More work is needed in both scenarios to determine whether those unidentified antigens recognized by naturally developing or therapeutically induced T cells are derived from tumor-specific mutations or self-antigens. settings (15, 16) , highlighting the translational implication of our combination therapy that may offer a less intensive experience for the patient. Furthermore, and most importantly, bypassing preconditioning preserves tumor-primed endogenous T cells that not only complement ACT to eliminate the primary tumor and prevent the emergence of antigen-loss variants, but also form a longterm memory pool for immune surveillance.
Despite the success in treating B cell malignancies and melanoma, ACT has only limited effects on most solid tumors (31, 32) . Hurdles include, among other aspects, inefficiency of transferred T cells in infiltrating the tumor in sufficient quantity and persisting long enough to kill all malignant cells (33, 34) . Increasing the dose of transferred cells may improve their ability to access and kill solid tumors, but generating a large number of T cells ex vivo requires extensive expansion that inevitably results in terminal differentiation and replicative senescence of T cells (35, 36) . Furthermore, the highly suppressive microenvironment and heterogeneous antigen landscape associated with solid tumors often render T cells ineffectual and promote antigen escape (37, 38) . Thus, to achieve sustained regression of solid tumors, ACT must be combined with other approaches that can simultaneously stimulate T cell expansion, recruit T cells into the tumor, overcome tumor-mediated immunosuppression, and broaden spectrum of T cell specificity. We have previously demonstrated that oncolytic vaccines can effectively expand tumor-specific Tcm while retaining their beneficial oncolytic properties, which led us to hypothesize that OVVs might represent an ideal platform for combining with ACT due to their vector was dubbed VSV-ErkM. VSV-MT is a control vector that lacks a transgene. Ad-ErkM is a replication-deficient, E1/E3-deleted adenoviral vector containing the ErkM epitope. VacV-gp33 is a TK-deleted recombinant VacV (Western Reserve strain) expressing gp33, an H-2D b -restricted epitope derived from the lymphocytic choreomeningitis virus glycoprotein (51) .
Peptides. Peptides for ErkM (QYIHSANVL), gp33 (KAVYNFATM), Alkbh6.2 (DVPMEQPR), Slit3 (GFHGCIHEVI), Atxn10.1 (QVFP-GLMEI), and Ccdc136 (ELQGLLEDEI) were purchased from Biomer Technologies and dissolved in PBS supplemented with 0.5% BSA.
Cell lines and tumor challenge. All cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 . CMS5 (a gift from Lyse Norian) (22) , CMS5r, and CMS5r-LVErkM cells were cultured in DMEM supplemented with 10% FBS, penicillin/streptomycin (100 U/mL and 100 ng/mL, respectively), and 2 mM l-glutamine (Thermo Fisher Scientific). B16-gp33 cells (B16F10 cells stably transfected with a minigene corresponding to the gp33 peptide) (52) were maintained in MEM/F11 containing 10% FBS, 2 mM l-glutamine, 5 ml sodium pyruvate, 5 mL nonessential amino acids, 5 mL vitamin solution (Thermo Fisher Scientific), 55 μM 2-mercaptoethanol (Sigma-Aldrich), 100 U/mL penicillin, and 100 ng/ml streptomycin.
Tumor cells were washed twice with PBS and resuspended in PBS at a concentration of 10 6 cells/30 μL for CMS5 cells or 10 5 cells/30 μL for B16-gp33 cells. Mice were challenged via i.d. injection, and tumors were allowed to grow to a mean volume of approximately 150 mm 3 prior to the commencement of treatment. Relapsed CMS5 cells (termed CMS5r) were obtained from end-point NRG mice. CMS5r-LVErkM were generated via transduction of CMS5r with a lentivirus engineered to expresses the ErkM peptide by annealing 5′ phosphorylated primers (ErkM, forward, GATCCATGCAATACATACACTCAGCTA-ACGTGTTGTAAG; ErkM, reverse, AATTCTTACAACACGTTAGCT-GAGTGTATGTATTGCATG) before ligation into the BamHI and EcoRI sites of pLV-EF1a-IRES-Puro (plasmid 8513 from Addgene; ref. 53) . After transduction, a polyclonal cell line was generated using puromycin selection (Invitrogen).
For lethal irradiation vaccination experiments, CMS5r cells were trypsinized, suspended in PBS at 3 × 10 7 cells/mL, and exposed to 150 Gy using a Gammacell 1000 (Best Theratronics Ltd.) with a Cs-137 source before i.d. injection of approximately 10 6 cells per mouse. Mice were vaccinated twice at one-week intervals and challenged with 2 × 10 5 live cells 1 week after the second vaccination.
PCR analysis. Genomic DNA was extracted from CMS5, CMS5r, and CT26 cells using Purelink Genomic DNA Extraction Kits (Life Technologies) according to the manufacturer's instructions. PCR was carried out on extracted DNA using ERK2 primers (ERK2, forward, 5′-TGTGCCGTGTTCTCTTCAGT-3′, ERK2, reverse, 5′-TGACTTG-GCTGACCTTGAGA-3′) with the Q5 High-Fidelity DNA Polymerase Kit (New England Biolabs) per the manufacturer's instructions, on a T3000 Thermocycler (Biometra). The amplification program was as follows: 98°C for 30 seconds, then 98°C for 10 seconds, 58°C for 30 seconds, 72°C for 30 seconds (×35 cycles), with final elongation at 72°C for 2 minutes. The amplification products were digested with Sfc1 and run on a 1% UltraPure agarose gel (Life Technologies) with EZ-Vision loading buffer/dye (Amresco). The PCR product from each cell line was sequenced using the forward primer described above.
In vitro T cell differentiation. Bulk splenocytes from transgenic mice were isolated and cultured for 7 days in the presence of 100 Second, long-term persistence of transferred T cells is considered important, and it has been reported that there is a positive correlation between tumor regression and the degree of persistence of adoptively transferred T cell clones (41, 42) . Interestingly, however, our transferred anti-ErkM CD8 + T cells disappeared right after tumor regression, while endogenous ErkM-specific CD8 + T cells survived long term and were capable of providing antigen-specific protective immunity. We speculate that the observation in our study is due to the introduction of oncolytic vaccination that not only accelerates transferred T cell responses and intensifies their interactions with tumors, but also engages endogenous antitumor T cell responses. Indeed, we demonstrated that transferred T cells dominated early expansion and tumor infiltration and were responsible for mediating initial tumor regression. As a consequence, transferred T cells underwent tumor-induced apoptosis, a phenomenon documented by previous studies (43, 44) . In contrast, endogenous T cell expansion did not reach its peak until several days after tumor regression, suggesting that the majority of boosted and/or therapeutically induced endogenous T cells did not experience interactions with tumor cells and thereby survived to maintain antitumor immunity. The fact that transferred T cells in TF mice survived long term confirms that the short-lived fate of transferred T cells in TB mice is likely the result of their interaction with tumor cells. Our results argue that preserving endogenous tumor-reactive T cells during ACT is vital to ensuring disease elimination and long-term antitumor memory, which may be compromised by preconditioning in an attempt to augment the survival of adoptively transferred cells (16) .
Collectively, our data support a possibility of harnessing the T cell repertoire by engaging tumor-primed host T lymphocytes during ACT and thus minimizing or even eliminating the risk of antigen-negative outgrowth that results from the introduction of a singular selective pressure. The fact that many patients have CD4 + and/or CD8 + T cells that recognize different neoepitopes derived from patients' own tumors underscores the relevance of our findings (45, 46) . Although it remains to be seen how well our results can be translated from mouse models into the clinic, there is mounting evidence for the relevance of OV-induced antigen spreading and the development of endogenous T cell responses in parallel with ACT in the clinic (47, 48) . Moreover, clinical methodologies to generate tumor-specific Tcm from cancer patients have been developed, together with established safety profiles of various OVs, supporting the idea that our combination therapy is highly clinically translatable (7-9, 49, 50).
Methods
Animals. BALB/c or C57BL/6 mice were purchased from Charles River Laboratories and housed in a specific pathogen-free room in the McMaster University Central Animal Facility. NRG (NOD.Cg-Rag1 tm1Mom Il2rg tm1Wjl /SzJ) breeders were purchased from the Jackson Laboratory, and mice were bred under ultraclean conditions. DUC18 mice were provided by Lyse Norian (University of Iowa, Iowa City, Iowa, USA) (22) . B6.Cg-Tcratm1Mom Tg (TcrLCMV)327Sdz (P14) mice were purchased from Taconic Breeding Laboratories.
Viral vectors. Recombinant VSV was engineered to express an H-2K d -restricted epitope corresponding to amino acids 136-144 of a mutated ERK2 protein (ErkM 136-144 ), and the resultant VSV vaccine 1 0 jci.org Bio X Cell) followed the same pattern. For longer observations, depletion was maintained using a biweekly i.p. injection of corresponding antibodies. CPX (Sigma-Aldrich) was i.p. administered 1 day prior to T cell transfer at a dose of 3 mg/mouse. Depletion efficiency was monitored by FACS analysis of PBMCs at different time points during treatment (data not shown).
Histology. Immunohistochemistry was performed on sections from formalin-fixed, paraffin-embedded tumor tissues using a Leica Bond Rx automated stainer (Leica Biosystem). Slides were dewaxed and pretreated with Leica Bond Epitope Retrieval buffer #2 (Leica Biosystems) for 20 minutes before staining with rat anti-mouse CD8α antibody (diluted 1:1000; clone 4SM15, Thermo Fisher Scientific). Color was developed using the Leica Bond Polymer Refine Detection Kit (Leica Biosystems), substituting the postprimary component with rabbit antirat antibody (1:100, Vector Laboratories). Images where taken using an Axiovert 100M microscope (Zeiss), and quantification was performed using the analyze particles function of ImageJ software (54) .
Statistics. GraphPad Prism for Windows was used for graphing and statistical analyses. Differences between means of immune response data were queried using either paired Student's 2-tailed t test, 1-way ANOVA, or repeated measures 2-way ANOVA as described in the figure legends. Where necessary, the Holm-Šidák method was used to correct for multiple comparisons. Overall, a P value of less than 0.05 was considered significant. Mean + SD bars are shown. Survival curves were generated using the Kaplan-Meier method, with a tumor volume of 1000 mm 2 or tumor ulceration as end point, and analyzed using the log-rank (Mantel-Cox) test.
Study approval. All animal experiments were compliant with Canadian Council on Animal Care guidelines and received internal approval through the McMaster University Animal Research Ethics Board.
